AgI nanoparticles coated with silica shell (AgI/SiO 2 ) were prepared with an amine-free process, i.e. a modified Stöber method. A colloid solution of 3.9 © 10 ¹4 M AgI nanoparticles was prepared mixing silver perchlorate at 3.9 © 10 ¹4 M and potassium iodide at 7.8 © 10 ¹4 M. A silica-coating was performed at 4.5 © 10 ¹6 M 3-mercaptopropyltrimethoxysilane, 0.1 © 10 ¹3 2.0 © 10 ¹3 M NaOH, 1125 M H 2 O, and 0.4 © 10 ¹3 80 © 10 ¹3 M tetraethylorthosilicate (TEOS) in the presence of 1.0 © 10 ¹4 M AgI nanoparticles in ethanol. The AgI/SiO 2 particles with a size of 53.2 « 9.3 nm and an AgI core size of 13.5 « 4.2 nm were prepared at 1.2 © 10 ¹3 M NaOH, 15 M H 2 O, and 4.0 © 10 ¹3 M TEOS. The AgI concentration of 1.0 © 10 ¹4 M in the as-prepared colloid solution was increased up to an AgI concentration of 0.32 M by salting-out and centrifugation. The coreshell structure of AgI/ SiO 2 particles was undamaged, and the colloid solution was still colloidally stable, even after the condensation. The concentrated AgI/SiO 2 colloid solution showed a high-contrast X-ray image, and its computed tomography value was 2908 « 37 HU. Internal organs in a mouse could be imaged injecting the concentrated colloid solution into it.
Introduction
Iodine compounds have been used as X-ray contrast agents in medical examination, 1) because iodine absorbs X-ray strongly. Commercial X-ray contrast agents are solutions of iodine compounds, i.e. iodine compounds dissolved homogeneously in solvents at molecular level, so that the iodine compound molecules have short residence time in blood tubes, which means that it is hard to take X-ray images steady for a long term using the solution-type iodine compounds. To solve a problem of the short residence time of commercial X-ray contrast agents, formation of particles of iodine compounds is a candidate. The formation of particles containing iodine compounds results in an increase in a residence time of iodine compounds, because moving of particles is resisted by liquid flow strongly compared to that of molecules.
The particle formation of iodine compounds has another advantage. As tumor generated in tissue grows up, a number of slits with a size of several hundred nm are produced on wall of vessel near the tumor. Polymers or nanoparticles smaller than the slit size pass through the slit, and stay in the tumor because of prematurity of lymph in tumor. This behavior is called an enhanced permeation and retention (EPR) effect.
2) Accordingly, nanoparticles that show X-ray imaging properties may have the ability to detect the tumor by the EPR effect.
Since the iodine compounds may provoke adverse events as allergic reactions in patients, 3) they cannot be used for such patients. To solve a problem of the adverse events of commercial X-ray contrast agents, formation of coreshell particles (particles composed of core of iodine compound nanoparticles and shell of materials inert for living bodies) is promising. Coating with shells prevents the iodine compound particles from contacting with living bodies, which decreases toxicity of iodine compounds. Studies on coating of nanoparticles with silica, which is inert for living bodies, have been extensively conducted, 4)18) which are based on a solgel method. Our research group has extended the solgel method to silica-coating of AgI nanoparticles.
19)23)
Most solgel methods use amine catalysts for hydrolysis of silicone alkoxide. 24) , 25) Since amines are, however, harmful to living bodies, 26) ,27) the amines are desired to be replaced with a different catalyst. From this view point, our group has examined an amine-free method for silica-coating of silver iodide (AgI) nanoparticles, 22) in which silica-coating was performed using 3-mercaptopropyltrimethoxysilane (MPS), sodium hydroxide (NaOH), water, tetraethylorthosilicate (TEOS) and ethanol in the presence of AgI nanoparticles prepared mixing silver perchlorate (AgClO 4 ) aqueous solution and potassium (KI) aqueous solution. Though AgI nanoparticles were successfully coated with silica shells, the silica-coated AgI (AgI/SiO 2 ) particles appeared poly-dispersed, compared to silica-coated nanoparticles that have been reported in our previous works. 5), 7) In the preparation of AgI nanoparticles, initial AgClO 4 and KI concentrations were as high as 1.0 © 10 ¹3 and 2.0 © 10 ¹3 M, respectively, which led to high ionic strength of solution. It was speculated that the production of the polydispersed particles was derived from the high ionic strength during silica-coating, because aggregation of nuclei and growth of particles, which should provide the wide size distribution, are accelerated at the high ionic strength.
The present work examines an amine-free method for preparing AgI/SiO 2 particles at low ionic strength, i.e., low concentrations of chemicals. Concentrations of raw chemicals were varied to find out reaction conditions suitable for formation of AgI-silica coreshell structure. X-ray imaging properties of the AgI/SiO 2 particles were also studied.
Experimental

Chemicals
AgClO 4 (Kanto Chemical Co., Inc., 99%) and KI (Kanto Chemical Co., Inc., 99.5%) were used as AgI precursors. TEOS (Kanto Chemical Co., Inc., 95%), and ethanol (Kanto Chemical Co., Inc., 99.5%) were used as a silica source and a solvent for silica-coating, respectively. NaOH (Kanto Chemical Co., Inc., 1 mol/L) was used as a catalyst for a solgel reaction of TEOS. MPS (Aldrich, 97%) were used as a silane coupling agent. Sodium chloride (NaCl) (Kanto Chemical Co., Inc., 99.5%) was used for salting-out of the AgI/SiO 2 particles. Iopamiron μ 300 (Bracco Eisai, Co., Ltd., iodine concentration: 2.36 M), a commercial X-ray contrast agent, was used for a comparison to the AgI/SiO 2 particles in examinations of the X-ray imaging. All chemicals were used as received. Water that was ion-exchanged and distilled with Yamato WG-250 was used in all the preparations.
Preparation of materials
Preparation of AgI/SiO 2 particle colloid solutions was performed referring to our previous work. 19 )23) A freshly prepared AgClO 4 aqueous solution and a KI aqueous solution were added to water at 3.9 © 10 ¹4 M AgClO 4 and 7.8 © 10 ¹4 M KI (Ag + /I ¹ molar ratio: 1/2) under vigorous stirring at 20°C, which resulted in an AgI concentration of 3.9 © 10 ¹4 M in the AgI nanoparticle colloid solution. Immediately after the mixing, color of the solution turned yellow, which implied formation of AgI nanoparticles. A Stöber method using NaOH was applied to silica-coating of the AgI nanoparticles, as follows. At 15 min after the preparation of AgI nanoparticles, an MPS aqueous solution was added to the obtained colloid solution of AgI nanoparticles. At 15 min after the addition, ethanol and TEOS were successively added to the colloid solution. Then, the silicacoating was initiated by rapidly injecting an NaOH aqueous solution into the AgI/TEOS colloid solution. 
Characterization
Characterization of the AgI/SiO 2 particle colloid solutions and the AgI/SiO 2 particles was performed with ultravioletvisible (UVVIS) spectroscopy, transmission electron microscopy (TEM), X-ray diffractometry (XRD) and X-ray computed tomography (CT). UVVIS extinction spectrum of the AgI/ SiO 2 particle colloid solution was measured with a Hitachi UV-3010 spectrophotometer. TEM was performed with a JEOL JEM-2000 FXII operating at 200 kV. Samples for TEM were prepared by dropping and evaporating the nanoparticle suspensions on a collodion-coated copper grid. XRD measurements were carried out with a Rigaku RAD-B operating at 7.5 kW Cu K¡ radiation using a wide-angle goniometer. Samples for XRD were obtained with centrifugation of the solution containing the particles, removal of the supernatant and drying of residue at room temperature for 24 h in vacuum. X-ray images and CT values of samples such as the AgI/SiO 2 particle colloid solutions and mice injected with the colloid solutions were obtained with Aloka La theta LCT-200 CT system. The samples were laid down and put into a tube with a diameter of 3.7 cm and a length of 29.5 cm. The images were taken as if the samples were cut into round slices. The CT values were estimated on the basis of CT values of ¹1000 and 0 for air and water, respectively. The colloid solutions for these characterizations using X-ray were prepared concentrating the as-prepared colloid solution using a salting-out technique. The salting-out that was performed adjusting NaCl concentration in the colloid solution to 10 g/L with addition of a saturated NaCl aqueous solution. After the salting-out, the colloid solution was concentrated by removal of supernatant with decantation, addition of the water or saline, and shake with a vortex mixer. This concentrating process resulted in production of the colloid solution with an AgI concentration of 0.32 M (high concentration colloid solution of AgI/SiO 2 particles). The mice used were the ICR mice with the age of 56 weeks old. The mice were put under anesthesia, and the colloid solutions (0.1 mL) were injected into the mice from their tale veins. Figure 1 gives the UVVIS extinction spectrum of particle colloid solution. A shoulder peak and a sharp peak were observed at 330 and 420 nm, respectively. They were attributed to exciton peaks of AgI, 28),29) which supported production of AgI nanoparticles. Inset of Fig. 1 shows the XRD pattern of particles. Peaks were observed at 23.8, 39.2 and 46.4°. These peaks were all attributable to £-AgI (JCPDS card No. 9-399). The Scherrer equation used for the 39.2°peak estimated a crystal size of 17.3 nm. The crystal size was roughly in accordance with its particle size, which will be stated below in the Section 3.4. This accordance in both sizes indicated that the AgI core particles were single crystal. Figure 2 shows the TEM images of AgI/SiO 2 particles prepared at various NaOH concentrations. Darker and lighter parts corresponded to AgI and silica, respectively, since the electron density of AgI is significantly higher. At a concentration of 1.0 © 10 ¹4 M, aggregates of AgI nanoparticles were observed in silica gel network. The concentration was so low that a solgel reaction of TEOS was slow. Consequently, the aggregation of AgI nanoparticles took place prior to generation of silica, and then the aggregates were surrounded with the generated silica. At 5.0 © 10 ¹4 and 1.0 © 10 ¹3 M, coreshell particles were produced, though the particles appeared poly-dispersed and silica gel was also observed. The increase in NaOH concentration accelerated the solgel reaction, and thereby the AgI nanoparticles were silica-coated prior to AgI nanoparticle aggregation. For 1.2 © 10 ¹3 M, the AgI nanoparticles were quasi-perfectly coated with silica, and generation of silica gel was controlled. The silica-coated particles had a size of 77.2 « 10.2 nm. Addition of NaOH probably increased the ionic strength of solution. Thus, the increased ionic strength should reduce the double layer repulsion between the AgI nanoparticles and the silica nuclei. As a result, the silica nuclei were efficiently deposited on the AgI nanoparticle surfaces. At concentrations as high as 1.5 © 10 ¹3 and 2.0 © 10 ¹3 M, many particles contained multiple AgI cores. The high ionic strengths at the high NaOH concentrations accelerated flocculation or aggregation of AgI nanoparticles. Then, the flocculates or aggregates were coated with silica, which formed the particles containing the multiple cores. Figure 3 shows the TEM images of AgI/SiO 2 particles prepared at various H 2 O concentrations. At 11 and 15 M, quasi-perfect coreshell particles were produced. The particles had sizes of 77.2 « 10.2 nm for 11 M and 59.7 « 7.0 nm for 15 M. For concentrations as high as 20 and 25 M, no coreshell structure was formed, and AgI nanoparticles and their aggregates were incorporated in silica gel. In contrary to the low H 2 O concentrations of 11 and 15 M, the high H 2 O concentrations probably provided ionization of silanol groups on the surface of silica nuclei generated during the early stages of the solgel reaction of TEOS. Thus, the ionic strength of the solution increased with the ionization. The increased ionic strength provided aggregation of silica nuclei, and the aggregates grew as the silica gel rather than on the existing cores. Figure 4 shows the TEM images of AgI/SiO 2 particles prepared at various TEOS concentrations. At a concentration as low as 1.0 © 10 ¹3 M, the AgI nanoparticles were silica-coated, and the coated particles appeared to be incorporated in silica gel. For concentrations of 4.0 © 10 ¹3 40 © 10 ¹3 M, the AgI nanoparticles were quasi-perfectly coated with silica. There was no large difference in particle size among the concentrations; 53.2 « 9.3 nm for 4.0 © 10 ¹3 , 65.6 « 10.4 nm for 10 © 10 ¹3 , and 59.7 « 7.0 nm for 40 © 10 ¹3 M. Since the amounts of TEOS were probably in excess with respect to that of NaOH at all the TEOS concentrations examined, most NaOH was consumed for the solgel reaction. This resulted in no large difference in the amount of produced silica among the concentrations. Consequently, the particle size did not change remarkably with the increase in TEOS concentration. At a concentration as high as 60 © 10 ¹3 M, silica gel network structure was formed, though a few coreshell particles were also obtained. The high TEOS concentration probably supplied the solution with many silanol groups through hydrolysis of TEOS, which resulted in an increase in ionic strength of the solution. Thus, the electrostatic repulsion between silica nuclei generated during the early stages of the solgel reaction decreased. Therefore, the silica nuclei probably aggregated and formed the gel network. Journal of the Ceramic Society of Japan 119 [6] 397-401 2011 solution. The particles had a size of 60.9 « 11.2 nm, which was close to that prior to the concentrating process [ Fig. 4(b) ]. This observation indicated that the coreshell structure was undamaged even after the concentrating process, i.e. that the AgI/SiO 2 particles were mechanically stable. Figure 6 shows the X-ray images of the colloid solutions of AgI/SiO 2 particles. For reference, X-ray images of water and saline are also shown. Lighter parts stand for objects that absorb X-ray more strongly. Circles with light contrast indicate syringes used for containing samples. The water and the saline were faintly imaged. In contrast, the high concentration colloid solution (AgI concentration: 0.32 M) was clearly observed against a black background. A clear image was also obtained, even after diluted three fold with water. A CT value of the high concentration colloid solution was 2908 « 37 HU. This value corresponded to that for Iopamiron μ 300, whose iodine concentration was adjusted to 0.59 M. This meant that though the AgI concentration value for the high concentration colloid solution was smaller than the iodine concentration of 0.59 M for the concentration-adjusted Iopamiron μ 300, there was no difference in CT value between them. AgI particles are colloidally stabilized with adsorption of I ¹ ions on AgI particles that increases electrostatic repulsion between AgI particles. 30) In a preliminary experiment, AgI nanoparticles were colloidally stable, when an initial KI concentration was twice larger than an initial AgClO 4 concentration in mixing them, i.e. an Ag + /I ¹ molar ratio was 1/2. Thus, the ratio of 1/2 was also used in the preparation of AgI nanoparticles in the present work. Since some of the excess I ¹ were probably adsorbed on the AgI nanoparticles, an iodine concentration in the AgI particle colloid solution might be larger than the AgI concentration. Consequently, the high concentration colloid solution revealed the CT value larger than expected. Figures 7 and 8 show the X-ray images of the mice prior to and after the injection of the high concentration colloid solution. Prior to the injection, it was difficult to recognize tissues such as a liver and a spleen in the images. After the injection, these tissues were imaged with contrasts lighter than prior to the show places where these tissues should exist, respectively.
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